Yeast vacuoles undergo cycles of fragmentation and fusion as part of their transmission to the daughter cell and in response to changes of nutrients and the environment. Vacuole fusion can be reconstituted in a cell free system. We now show that the vacuoles synthesize phosphoinositides during in vitro fusion. Of these phosphoinositides, phosphatidylinositol 4-phosphate and phosphatidylinositol 4,5-bisphosphate (PI(4,5)P 2 ) are important for fusion. Monoclonal antibodies to PI(4,5)P 2 , neomycin (a phosphoinositide ligand), and phosphatidylinositol-specific phospholipase C interfere with the reaction. Readdition of PI(4,5)P 2 restores fusion in each case. Phosphatidylinositol 3-phosphate and PI(3,5)P 2 synthesis are not required. PI(4,5)P 2 is necessary for priming, i.e., for the Sec18p (NSF)-driven release of Sec17p (␣-SNAP), which activates the vacuoles for subsequent tethering and docking. Therefore, it represents the kinetically earliest requirement identified for vacuole fusion so far. Furthermore, PI(4,5)P 2 is required at a step that can only occur after docking but before the BAPTA sensitive step in the latest stage of the reaction. We hence propose that PI(4,5)P 2 controls two steps of vacuole fusion.
INTRODUCTION
Yeast vacuoles are very dynamic organelles. Their number, size, and shape change not only when vacuoles are transmitted to growing daughter cells, but also when the source of nutrient or other environmental factors (e.g., osmotic conditions) change (Wiemken et al., 1970; Wickner, 1988, Conradt et al., 1992; Bone et al., 1998) . The changes in number and size can readily be explained by cycles of fragmentation and fusion of vacuoles. A cell free system for the fusion of vacuoles from Saccharomyces cerevisiae has been developed, allowing both morphological and biochemical assays of the reaction (Conradt et al., 1992) . Fusion can be quantified conveniently via the proteolytic cleavage and activation of proalkaline phosphatase (located at the luminal side of the vacuolar membrane) by the vacuolar proteinase A . Using this assay, vacuole fusion could be kinetically dissected into several steps: priming, tethering, docking, and fusion Mayer et al., 1996; Mayer and Wickner, 1997; Ungermann et al., 1998) . Priming, tethering, and docking require the ATPdependent activation of SNAREs through Sec17p (␣-SNAP) and Sec18p (NSF) as well as the rab-like GTPase Ypt7p and LMA1 (Xu and Wickner, 1995; Mayer and Wickner, 1997; Xu et al., 1997 Xu et al., , 1998 Ungermann et al., 1998) . They lead to the formation of v/t-SNARE complexes in trans, i.e., between separate vacuoles, and to the stable association of the membranes.
Phosphatidylinositol phosphates have become a focus of research on intracellular trafficking (for review, see De Camilli et al., 1996; Shepherd et al., 1996; Martin, 1998) . These phospholipids have been implicated in multiple trafficking steps and were shown to associate with and regulate different components required for these steps: e.g., the regulation of the activity of small GTPases and their cofactors in vesicle budding Terui et al., 1994; Roth, 1999) and endosome fusion (Jones and Clague, 1995; Li et al., 1995; Simonsen et al., 1998) , regulation of the actin-based cytoskeleton (Fukami et al., 1992) , Golgi-to-vacuole transport and formation of multivesicular bodies in yeast (Schu et al., 1993, Stack and Emr, 1994; Odorizzi et al., 1998; FernandezBorjaet al., 1999) , endocytosis (Singer-Krü ger et al., 1998; Wendland and Emr, 1998) , and exocytosis (Eberhard et al., 1990; Hay et al., 1995) . Biochemical approaches allowed the identification of enzymes for phosphatidylinositol 4,5-bisphosphate (PI(4,5)P 2 ) synthesis and a mammalian PI transfer protein, which are required for Ca 2ϩ -activated secretion from PC12 cells (Hay and Martin, 1993; Hay et al., 1995) . They account for at least part of the requirement for MgATP in the priming step of secretion (Holz et al., 1989; Eberhard et al., 1990) . Thus far, the actual function of phosphoinositides in membrane fusion has remained largely enigmatic. PI(4,5)P 2 binds specifically and stoichiometrically to the C2B domain of synaptotagmin 1, a protein necessary for fast neurotransmitter release (Schiavo et al., 1996) . Moreover, the specific PI(4,5)P 2 binding protein CAPS, which is required for the Ca 2ϩ -triggered phase of exocytosis (Ann et al., 1997; Loyet et al., 1998) , has been isolated. Thus, PI(4,5)P 2 may have a direct role in membrane fusion by binding and recruiting specific factors to the fusion site.
Yeast strains with mutations in a phosphatidylinositol 3-phosphate (PI(3)P) 5-kinase (Fab1p) or in a protein with homology to PI 4-kinases (Tor2p) have defects in vacuole inheritance and structure. fab1 mutant cells have enlarged and poorly acidified vacuoles, and the formation and transport of multivesicular bodies to the vacuole is disturbed (Yamamoto et al., 1995; Cooke et al., 1998; Gary et al., 1998; Odorizzi et al., 1998) . Furthermore, inositol-(5)-phosphatase mutants, among other morphological abnormalities, have fragmented vacuoles (Srinivasan et al., 1997; Stolz et al., 1998) . The Tor2 protein is necessary for cell cycle progression and therefore indispensable. In the tor2 mutant the order of inheritance of vacuoles and nucleus is invariably reversed, leading to a number of buds without vacuoles but with a nucleus (Cardenas and Heitman, 1995) . Recent evidence (Schmidt et al., 1996; Helliwell et al., 1998) links this phenotype to the requirement for Tor2p for organization of the actin cytoskeleton, which is also needed for vacuole inheritance in vivo (Hill et al., 1996) .
We have investigated the relevance of phosphoinositides for vacuole fusion. We have used the in vitro system for vacuole fusion to assay the synthesis of phosphoinositides on vacuoles and have dissected their requirement for vacuole fusion kinetically.
MATERIALS AND METHODS
The yeast strains BJ 3505 and DKY6281 were described in Haas et al. (1994) and RSY249 in Kaiser and Schekman (1990) . FAB1 and fab1⌬ strains were from Yamamoto et al., (1995) . Deletions of PEP4 and PHO8 were made in these strains as described (Peters and Mayer, 1998) . Reagents were described in Mayer et al. (1996) , except for the following: Phosphatidylinositol-specific phospholipase C (PLC; Bacillus cereus, from Sigma; Eberhard et al., 1990) was dissolved in phosphate saline (PS) buffer (10 mM PIPES/KOH, pH 6.8, 200 mM sorbitol) with 150 mM KCl. The sample was repeatedly concentrated and diluted with this buffer in a microcon-10 (Amicon, Beverly, MA) device. Aliquots were frozen at Ϫ20°C and used within 2 weeks. [␥-32 P]ATP was from Hartmann Analytic (Braunschweig, Germany). Neomycin sulfate was from Sigma (St. Louis, MO); PI(4)P and PI(4,5)P 2 were from Boehringer Mannheim (Indianapolis, IN); monoclonal antibodies to PI(4)P and to PI(4,5)P 2 were from PerSeptive Biosystems (Framingham, MA), monoclonal antibodies to phosphatidylserine (PS1G3) and phosphatidylcholine (JE-1) were generous gifts from Masato Umeda (Department of Inflammation Research, The Tokyo Metropolitan Institute of Medical Science; Nam et al., 1990; Reza et al., 1994; Schuurmanns Stekhoven et al., 1994) . All antibodies were purified by chromatography on protein A-or protein G-Sepharose as described (Mayer et al., 1996) and stored in PS buffer with 150 mM KCl (anti-phosphatidylinositol 4-phosphate [PI(4)P] and anti-phosphatidylinositol 4,5-bisphosphate [PI(4,5)P 2 ]) or with 750 mM KCl (PS1G3 and JE-1) at Ϫ20°C. The immunoblot assay for release of Sec17p was as in Mayer et al. (1996) . All experiments were performed in silanized tubes.
Vacuole Fusion
Cytosol preparation, vacuole purification, the reaction buffer, and the standard fusion reaction were as in Mayer et al. (1996) . Standard vacuole fusion reactions (Mayer et al.,1996) contained 3 g of protein of each vacuole type (isolated from strains BJ3505 and DKY6281) in 30 -35 l of reaction mixture (10 mM PIPES/KOH, pH 6.8, 200 mM sorbitol, 150 mM KCl, 0.5 mM MgCl 2 , 0.5 mM MnCl 2 , 0.5 mM ATP, 1.5 mg/ml cytosol, 7.5 M pefablock SC, 15 nM leupeptin, 3.75 M o-phenanthroline, 50 nM pepstatin A, 20 mM creatine phosphate, and 35 U/ml creatine kinase). The standard reaction time was reduced to 70 min at 27°C. The background signal was considered by subtracting the values of a control sample that was kept at 0°C throughout the incubation. This entirely prevents fusion. Background signals were usually between 0.2 and 0.3 U. One unit of fusion activity is defined as 1 mol p-nitrophenol developed per minute and per microgram of BJ3505 vacuoles.
Microscopic Assay for Vacuole Docking
The microscopic assay for vacuole-to-vacuole docking was performed as in Mayer and Wickner (1997) . Reactions for microscopic analysis were performed in 8 M microcystin LR, 10 mM PIPES/ KOH, pH 6.8, 200 mM sorbitol, 65 mM KCl, 0.25 mM MgCl 2 , 0.075 mM MnCl 2 , 0.25 mM ATP, 7.5 M pefablock SC, 15 nM leupeptin, 3.75 M o-phenanthroline, 50 nM pepstatin A, 10 mM creatine phosphate, and 17.5 U/ml creatine kinase. The composition of this buffer was chosen purposefully to minimize the ATP-independent formation of vacuole clusters, which occurs under standard fusion conditions. The extent of ATP-independent cluster formation was strain dependent. It is minimized by the reduction of the KCl, MgCl 2 , and MnCl 2 concentrations. The optimized conditions permit fusion with slightly reduced efficiency but with similar kinetic properties as the standard buffer (our unpublished results). The samples were incubated at 27°C for 15 min and chilled on ice. Aliquots (12 l) of each sample were mixed with the same volume of staining mixture (20 M FM4 -64 in 0.4% Seaplaque-agarose in PS buffer; kept liquid at 34°C), transferred immediately to a prechilled slide, and covered with a cover glass. After 5 min at 4°C, fluorescence pictures were taken on Kodak TMZ3200 film (Eastmann Kodak, Rochester, NY).
Labeling and Analysis of Phosphoinositides
Fusion reactions at 15ϫ the standard volume were performed in the presence of [␥- 32 P]ATP (3 Ci/mmol; final concentration 0.2 Ci/l). The ATP-regenerating system (creatine phosphate and creatine kinase) was replaced by 8 mM ATP/MgCl 2 to ensure a constant specific radioactivity throughout the experiment. At various times aliquots (90 l) were removed, chilled on ice, and supplemented with 130 l of 0.38 M HCl/2 M KCl. After 5 min on ice, 660 l of 67% (vol/vol) chloroform and 33% (vol/vol) methanol were added, and the samples were mixed briefly by vortexing and shaken vigorously (2 min, room temperature). The phases were separated by centrifugation (1 min, 17,000 ϫ g), and the lower phase was transferred to a new tube. Eighty-microliter aliquots were spotted onto highperformance, thin-layer chromatography (TLC) plates (NH2; Merck, Darmstadt, Germany) and chromatographed in 1-propyl acetate, 2-propanol, ethanol, 6% aqueous ammonia (3:9:3:9, by volume). Plates were dried, chromatographed in the same mixture again, and dried. The signal from the labeled products was detected via a phosphorimager.
Labeled standards of 3-and 4-phosphorylated phosphoinositides wereproducedinvitrobysonicatingamixtureof50%phosphatidylino-sitol or phosphatidylinositolmonophosphate/50% phosphatidylcholine (from Sigma; 1 mg/ml of lipid in 50 mM Tris/Cl, pH 7.2) for 6 min to obtain small unilamellar vesicles. Ten microliters of this lipid suspension were incubated for up to 2 h at 30 or 37°C with 12 g/ml recombinant GST-Pik1p (PI 4-kinase from yeast) or human recombinant GST-PI 3-kinase ␥ (generous gift from R. Wetzker, Jena) in a reaction mixture of 10 mM HEPES/NaOH, pH 7.4, 8 mM MgCl 2 , 100 mM NaCl, 50 M ATP in the presence of 1 Ci of [␥-32 P]ATP (from NEN, Boston, MA) in a total volume of 50 l. Reactions were stopped by adding 200 l 0.4N HCl, 2 M KCl. Lipids were extracted by adding 1 ml hexane/isopropanol (24/16) and shaking vigorously. The upper phase was extracted again with an equal volume of 0.1N HCl and then subjected to TLC.
High-Performance Liquid Chromatography Analysis of Spots from TLC Plates
Individual spots were excised from the high-performance, TLC plates and placed in borosilicate glass tubes. Each spot was then extracted with 1 ml of CHCl 3 :CH 3 OH:conc. HCl (200:100:1 vol/vol/ vol) for 10 min on ice with frequent agitation. Ten milligrams of bovine brain polyphosphoinositides (Sigma), 50 l of water, and 200 l of 0.6 M HCl were added, and the tubes were vortexed for 30 s. The phases were allowed to separate. The lower phase was removed to a fresh tube, and the upper phase containing the silica was reextracted as above with synthetic lower phase made by mixing CHCl 3 :CH 3 OH:0.6 M HCl in the ratios (8:4:3 vol/vol/vol). The lower phase from this second extraction was removed and pooled with the first lower phase and the extracted lipids dried in vacuo. Lipids were deacylated and analyzed by anion exchange highperformance liquid chromatography (HPLC) as described (Dove et al., 1997 , Cooke et al., 1998 
RESULTS

Phosphoinositides Are Required for Vacuole Fusion
Monoclonal antibodies to PI(4)P or PI(4,5)P 2 inhibited homotypic vacuole fusion ( Figure 1A ). Neomycin, which binds tightly to phosphatidylinositol phosphates (Schacht, 1978; Lodhi et al., 1979) , also inhibited vacuole fusion ( Figure 1B ). In contrast, monoclonal antibodies to phosphatidylserine (Schuurmanns Stekhoven et al., 1994) and phosphatidylcholine (Nam et al., 1990) were not inhibitory ( Figure 1C) , showing the specificity of the inhibition by ligands of PI(4)P and PI(4,5)P 2 . The sensitivity to the antibodies as well as to neomycin was more pronounced in the absence of cytosol, possibly reflecting the involvement of cytosolic factors in the generation of PI(4)P and PI(4,5)P 2 .
The inhibition of fusion by neomycin, anti-PI(4)P or anti-PI(4,5)P 2 could be overcome by readdition of PI(4)P or PI(4,5)P 2 , respectively (Figures 2, A and B) . Approximately 300 M externally added PI(4)P or PI(4,5)P 2 is required to rescue fusion. Higher concentrations inhibit the reaction. This inhibition may be due to nonspecific, possibly detergent-like effects, because it also is seen with vacuoles that had not been exposed to antibodies (Figure 2 ). The PI(4,5)P 2 -rescued reaction was still ATP dependent and sensitive to inhibition by antibody to Sec18p ( Figure 2C ). Therefore, the rescued reaction followed the authentic pathway. (6 g) were preincubated for 5 min on ice without inhibitor or with the indicated amounts of monoclonal antibodies to phosphatidylinositol 4-phosphate (PIP) or phosphatidylinositol 4,5-diphosphate (PIP 2 ) in PS buffer with 50 mM KCl. The samples were then supplemented with salts and an ATPregenerating system to yield standard fusion reactions. Cytosol was added as indicated. After 70 min at 27°C, fusion was assayed via alkaline phosphatase activity. (B) As in (A) but with neomycin as a phosphoinositide ligand. (C) The inhibitory effect is specific for PI(4)P and PI(4,5)P 2 antibodies. Fusion reactions with cytosol were performed as in (A), in the absence of cytosol. Vacuoles were preincubated with monoclonal antibodies to PI(4)P, PI(4,5)P 2 , phosphatidylserine (PS), or phosphatidylcholine (PC; 35 M each), or the respective control buffers.
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Phosphoinositides Are Synthesized during Vacuole Fusion
Fusion reactions also were inhibited by the addition of phosphatidylinositol (PI)-PLC, a bacterial phosphatidylinositolspecific phospholipase C. This enzyme hydrolyzes PI into inositol-(1)-phosphate and diacylglycerol but cleaves neither PI(4)P nor PI(4,5)P 2 and does not hydrolyze phosphatidylcholine or phosphatidylethanolamine (Eberhard et al., 1990) or any of several other phospholipids (Sundler et al., 1978) . If phosphoinositide synthesis during the reaction was crucial, PI-PLC should inhibit fusion by removing the source material for phosphorylation. In fact, addition of PI-PLC did inhibit fusion ( Figure 3A ). Inhibition could be reversed by adding PI(4,5)P2 to the fusion reaction ( Figure 3B ), confirming that inhibition was due to a reduction of the PI(4,5)P 2 pool. To monitor the synthesis of phosphoinositides directly, we performed fusion reactions in the presence of [␥-32 P]ATP, which radiolabels newly synthesized phosphoinositides. The lipids were extracted at different times after the start of a fusion reaction and separated by TLC. Radioactive spots were scraped off the plate and deacylated, and the resulting lipid headgroups were identified by HPLC (Dove et al., 1997) . This, as well as comigration with radiolabeled lipid standards, confirmed the identity of the indicated phosphoinositides. We detected rapid accumulation of PI(3)P, PI(4)P, PI(4,5)P 2 and-transiently and to varying degrees-phosphatidylinositol 3,5-bisphosphate (PI(3,5)P 2 ) ( Figure 4A ). PIP 3 synthesis could not be detected (using other TLC systems that gave clear separation of PIP 3 ; our unpublished results). We investigated whether PI(3)P synthesis would be relevant to vacuole fusion by using the PI-kinase inhibitor wortmannin. This inhibitor abrogated synthesis of PI(3)P and PI(3,5)P 2 but not that of PI(4)P and PI(4,5)P 2 ( Figure 4A, right panel) . Wortmannin did not inhibit fusion. Vacuoles from fab1 mutant cells were defective in the synthesis of PI(3,5)P 2 and PI(3)P and-like wortmannin-treated vacuoles-showed an increased steady-state level of PI(4,5)P 2 . They were fusion competent ( Figure 4B ). Therefore, PI(3)P and PI(3,5)P 2 are not essential for vacuole fusion, although a regulatory influence cannot be excluded. The relevant phosphoinositides appear to be PI(4)P and PI(4,5)P 2 . Both are synthesized from PI in the course of the reaction.
Phosphatidylinositol Phosphates Are Required after the Docking Step
We determined the time course of the requirement for phosphoinositides in the in vitro reaction ( Figure 5 ). The bulk of vacuoles completes distinct reaction steps within defined intervals and then becomes resistant to inhibitors of these steps Mayer et al., 1996) . This facilitates an analysis of the sequence of events in vacuole fusion. Inhibitors were added into an ongoing fusion reaction at different times, and the samples were incubated further until the end of a standard fusion period (70 min). We asked how the inhibitors, when added at a particular time, influence the further course of the reaction. A standard sample that received only buffer served as control for maximal fusion (100%). A second aliquot was set on ice to stop fusion at the indicated time and measure the progression of the reaction. Other aliquots received inhibitors and were incubated fur- Figure 1 with (A) neomycin (300 M), (B) antibodies to PI(4)P or to PI(4,5)P 2 (35 M), or with buffer only. The samples were then supplemented to yield complete fusion reactions, mixed with the indicated amounts of PI(4)P or PI(4,5)P 2 , incubated for 70 min at 27°C, and assayed for fusion. (C) The rescued reaction is ATP and Sec18p dependent. Preincubations were performed with anti-PI(4,5)P 2 as in (B). Where indicated, PI(4,5)P 2 was added to reactivate the vacuoles. Affinity-purified antibodies to Sec18p and the ATP-regenerating system were added as indicated, and the samples were incubated for 70 min at 27°C. Then fusion was assayed.
ther at 27°C. All inhibitors prevented fusion when added at the start of the reaction ( Figure 5) . However, the sensitivity of the reaction to the inhibitors differed if they were added at later time points. The reaction became resistant to antibodies to Sec18p, which inhibit priming, after 10 -15 min and to Gdi1p within 30 min (Mayer et al., 1996) . Gdi1p extracts the ras-like GTPase Ypt7p from the vacuolar membrane (Haas et al., 1995) . Resistance of fusion to this protein indicates the completion of docking . Sensitivity to neomycin persisted longer than that to Gdi1p, indicating that phosphoinositides are required past the docking stage.
This could be confirmed by experiments aiming to determine the absolute order of requirements. Sec17p and Sec18p 32 P]ATP. At the indicated times, aliquots (90 l each) were withdrawn and subjected to lipid extraction, TLC, and autoradiography. Labeled spots were scraped off the plate and deacylated. The headgroups were identified by HPLC. The identity of the indicated phosphoinositides was deduced from this analysis and confirmed by comigration of the indicated lipids with radiolabeled standards for PI(3)P, PI(4)P, and PI(4,5)P 2 . Equivalent parallel incubations were performed and assayed for fusion after 70 min at 27°C. (B) Influence of a fab1 mutation on fusion and phosphoinositide synthesis on the vacuoles. After 15 min of fusion, lipid synthesis was assayed as in (A) using vacuoles from FAB1 (wt) and fab1 deletion (⌬) strains. In parallel, the vacuoles were tested in standard fusion reactions for 70 min at 27°C, using cytosol from FAB1 wt or fab1 deletion cells, respectively.
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Vol. 11, March 2000are involved in an early priming reaction that precedes the docking step (Mayer et al., 1996; Mayer and Wickner, 1997) . First, we asked whether the phosphoinositide-requiring step must be preceded by priming. Alternatively, priming and the phosphoinositide-dependent processes might be part of parallel reaction pathways that converge at a later phase of the reaction. A two-stage reaction was performed ( Figure  6A ), and fusion reactions were run in the presence of antibodies to Sec18p that block priming (Mayer et al., 1996) . After 20 min, a time that suffices to complete priming (Figure 5) , the vacuoles were reisolated and resuspended in fresh buffer. Sec18p was added to overcome the block by the antibodies and the reaction was continued. Vacuoles that had been exposed to antibodies to Sec18p could still finish fusion after purified Sec18p had been added ( Figure 6A , left panel). If anti-PI(4,5)P 2 was added on top of Sec18p, the reaction could not progress, indicating that the requirement for PI(4,5)P 2 could not be fulfilled without priming. If antibodies to Sec18p had not been present during the 20-min preincubation, some fusion had occurred in this phase (Figure 6A, right panel) . However, the further fusion which occurred during the second incubation was partially resistant to anti-PI(4,5)P 2 . In contrast, if priming was blocked, the reaction remained fully sensitive. This indicates that priming is a prerequisite for the reaction to overcome the PI(4,5)P 2 requirement.
To determine whether the PI(4,5)P 2 requirement could be fulfilled before docking, we incubated the vacuoles bearing proalkaline phosphatase and the vacuoles with the activating proteases in separate tubes but otherwise under complete reaction conditions. This only allows priming. Docking and fusion of the two vacuole partners, which lead to the production of alkaline phosphatase activity, can only occur after aliquots from these separate tubes have been mixed. When vacuoles were incubated separately for 30 min and then mixed in the presence of anti-PI(4,5)P 2 or neomycin, fusion did not occur between the two vacuole types ( Figure  6B ). Only the requirement for Sec18p (priming) could be fulfilled before the vacuoles from the separate tubes met each other, that is, in a predocking step of fusion (Mayer et al., 1996) . Hence, the requirement for PI(4,5)P 2 can only be fulfilled after docking has occurred.
The late, postdocking phase of vacuole fusion is sensitive to the calcium chelator BAPTA (Peters and Mayer, 1998) . We investigated the relationship of the PI(4,5)P 2 requirement to the BAPTA-sensitive step by starting a fusion reaction with BAPTA ( Figure 6C ). After 45 min, a time that is sufficient to largely overcome the PI(4,5)P 2 requirement under standard conditions (Figure 5 ), the vacuoles were reisolated, resuspended in fresh reaction mixture and incubated for further 60 min. During this second incubation, the vacuoles could fuse if BAPTA was omitted but not if BAPTA was added to the mixture. Thus, the BAPTA block was reversible. The rescue of fusion activity after removal of BAPTA also was observed if antibodies to PI(4,5)P 2 were added to the second incubation at a concentration that prevents fusion in standard reactions (50 M; cf. Figure 1A) . The reaction had become resistant to anti-PI(4,5)P 2 , despite the presence of BAPTA. Equivalent results were obtained with neomycin (our unpublished results). Hence, the PI(4,5)P 2 requiring step that occurs after docking must precede the BAPTAsensitive step or lie on a parallel reaction pathway that converges with the BAPTA-sensitive branch at a later point.
Phosphoinositide Requirement for Priming
The results described above suggest a postdocking role for phosphoinositides but do not exclude an additional involvement of phosphoinositides in earlier steps of the reaction. To test this, we monitored the early reactions of priming and docking directly. Priming includes the Sec18p-and ATPmediated release of Sec17p from the vacuolar surface and activates the vacuoles for subsequent tethering and docking (Mayer et al., 1996; Mayer and Wickner, 1997; Ungermann et al., 1998) . We performed fusion reactions in the presence of neomycin or anti-PI(4,5)P 2 and assayed vacuole-bound Sec17p (Figure 7 ). Both reagents completely blocked release of Sec17p from the vacuoles, whereas in their absence, Sec17p release occurred normally. We note that the inhibition of Sec17p release required approximately four times higher concentrations of PI(4,5)P 2 -binding reagents than the complete inhibition of vacuolar fusion. This lower sensitivity to the PI(4,5)P 2 -binding reagents distinguishes the early phosphoinositide requirement at the priming step from that Figure 5 . Kinetic analysis of phosphoinositide requirement. Reaction mixtures of four times the standard volume were incubated at 27°C and divided into standard volume portions at different times. These aliquots were transferred to tubes containing inhibitors or only buffer, kept on ice for 10 min, and then incubated at 27°C for the rest of the 70-min reaction period. Another aliquot, which received only buffer, was set on ice. After 70 min of incubation at 27°C, fusion was measured. The graphs present the average of four independent experiments with SDs. To facilitate averaging, the data were normalized: The activity of the samples incubated at 27°C with buffer only was set to 100%. The activity of the sample set on ice at 0 min served as the 0% reference. The maximal fusion actvities in the samples with buffer only were 2.1 Ϯ 0.2, 2.5 Ϯ 0.3, 2.6 Ϯ 0.3, and 2.9 Ϯ 0.3 U. The fusion-independent background, given by samples set on ice at 0 min, varied from 0.18 to 0.27 U. Inhibitors were added as follows: Affinity-purified antibodies to Sec18p (2.5 g), Gdi1p (3 g), and neomycin (500 M).
A. Mayer et al. after the docking step. Because priming is a prerequisite for docking, phosphoinositides should also affect docking. Using a microscopic assay of docking , this was indeed observed (Figure 8 ): PI-PLC interfered with the formation of vacuole clusters, which normally occurs within the first 15 min of the reaction. We conclude that synthesis of PI(4,5)P 2 is required for two steps of vacuole fusion. The earlier one, associated with priming, is less sensitive to phosphoinositide-binding agents and can be observed if priming is monitored directly via Sec17p release. The second phosphoinositide-dependent event occurs during or after docking (Figures 5 and 6 ) and is more sensitive to the inhibitors. In the overall fusion assay, only this later requirement is apparent.
DISCUSSION
High-affinity monoclonal antibodies to PI(4,5)P 2 (Greenberg et al., 1979; Fukami et al., 1988) have been useful, for example, in investigations of the asymmetric distribution of phosphoinositides in erythrocytes (Gascard et al., 1991) , of the roles of PI(4,5)P 2 in the proliferation of yeast cells (Uno et al., 1988) and of higher eukaryotic cells (Matuoka et al., 1988) , and in Ca 2ϩ -activated secretion from PC12 cells (Hay et al., 1995) . In our study, these antibodies inhibited the fusion reaction almost completely and did so at concentrations similar to those necessary for maximal biological effect in other systems (Matuoka et al., 1988) .
The other reagent used in this study, neomycin, is a veryhigh-affinity ligand for polyphosphorylated phosphoinositides and indeed can be used to create an affinity matrix for their purification (Schacht, 1978; Lodhi et al., 1979) . Its interaction with phosphoinositides is similar to the tight binding of PI(4,5)P 2 to profilin, which inhibits hydrolysis of the phospholipid by phospholipase C (Goldschmidt-Clermont et al., 1990) . The concentrations of neomycin needed to affect PI(4,5)P 2 turnover in different systems are quite variable, ranging from 10 M to more than 1 mM (Gabev et al., 1989) . These findings have led to the hypothesis that much of PI(4,5)P 2 may not be readily accessible in some membranes BJ3505 vacuoles carrying proalkaline phosphatase, whereas the other contained DKY6281 vacuoles harboring the maturation enzyme, proteinase A. At the indicated times, aliquots (30 l) were withdrawn from the reactions and chilled. The aliquots received antibodies to Sec18p (1 M), neomycin (500 M), Gdi1p (3 g), PI(4,5)P 2 (70 M), or buffer only and were left on ice for 10 min. The fusion partners were combined in one tube, centrifuged briefly (1 min, 8000 ϫ g, 4°C), mixed by vortexing, and incubated for 70 min at 27°C or on ice. Then, fusion was assayed. (C) Relationship of the PI(4,5)P 2 requirement to the BAPTA-sensitive step. Reaction mixtures of four times the standard volume were incubated (45 min, 27°C) in the presence or absence of 2 mM BAPTA. The samples were diluted 10-fold with 150 mM KCl, 10 mM PIPES/KOH, pH 6.8, and 200 mM sorbitol and centrifuged (8 min, 8000 ϫ g, 4°C). The vacuoles were resuspended in fresh reaction buffer and split into four aliquots. Three aliquots received anti-PI(4,5)P 2 (70 M) or BAPTA (2 mM) or only buffer and were incubated further at 27°C. The fourth aliquot received buffer and was kept on ice to monitor the degree of fusion that had occurred during the first incubation. After 60 min, fusion was assayed. because it is tightly bound to proteins (Gabev et al., 1989) . In the case of ␥-actinin (Fukami et al., 1992) , this association is so strong that even boiling in SDS sample buffer and subsequent denaturing electrophoresis do not separate the protein from its bound PI(4,5)P 2 .
Neomycin inhibited vacuole fusion at low concentrations (De Andres et al., 1991; Khouja and Jones, 1993) , similar to those that inhibit endosome fusion (Jones and WesslingResnick, 1998) . At higher concentrations, neomycin also inhibited the release of Sec17p from vacuole membranes. Comparably high concentrations of neomycin (1-2 mM) are also required to inhibit protein kinase C, which strongly binds PI(4,5)P 2 as a physiological activator (Chauhan, 1990) . Remarkably, the concentrations both of neomycin and of anti-PI(4,5)P 2 , which were necessary to inhibit the priming step (Sec17p release) were fourfold higher than those needed to prevent the overall reaction. These data suggest that both phosphatidylinositol 4,5-diphosphate ligands act on the same targets in the vacuole membranes. They also suggest that a lower concentration of free phosphoinositides may suffice for the priming reaction. Alternatively, the PI(4,5)P 2 needed for Sec17p release may not be as readily accessible as the PI(4,5)P 2 that operates after docking. This may be a consequence of a tight binding of PI(4,5)P 2 to vacuolar membrane proteins.
Phosphoinositides have been implicated in regulated secretion and in various intracellular membrane trafficking reactions. So far, the available data for intracellular trafficking reactions indicated a requirement for (3)-phosphorylated phosphoinositides but not for the (4)-phosphorylated species; for example, PI3-kinases are involved in endosome fusion (Jones and Clague, 1995; Li et al., 1995) . Furthermore, the interaction of EEA1, an effector of the GTPase Rab5, with the endosomal membrane is PI(3)P dependent . (Simonsen et al., 1998; Christoforidis et al., 1999) . PI(3)-kinase activity is also essential for vesicular traffic between the Golgi, endosomes, and the vacuole (for review, see Burd et al., 1998) . The yeast PI(3) kinase, Vps34p, is completely inhibited by 10 M wortmannin (Stack and Emr, 1994) . In contrast, vacuole fusion was not inhibited by up to 300 M wortmannin, although wortmannin suppressed the synthesis of PI(3)P and PI(3,5)P 2 in the reaction. In addition, vps34 mutants do not show aberrations of vacuolar structure, which are often associated with mutations in genes relevant for vacuole fusion (Herman and Emr, 1990; Wada et al., 1992) . Therefore, (3)-phosphorylated phosphoinositides, which are required for endosome fusion, do not seem to have an essential role in vacuole fusion. It should be kept in mind, however, that the targets of wortmannin include not only PI(3) kinases but also PI(4) kinases (Cutler et al., 1997; Meyers and Cantley, 1997) . Some wortmannin effects on endosome fusion might therefore be related to PI(4) phosphates.
Could PI(4,5)P 2 be needed as a cofactor for specific PI(4,5)P 2 binding proteins? The fact that several PI(4,5)P 2 binding proteins are involved in regulated exocytosis argues in favor of this hypothesis (for review, see Martin, 1998) . PI(4,5)P 2 is synthesized in the ATP-dependent priming phase of exocytosis (Hay et al., 1995; Martin et al., 1997) . It binds, for example, to synaptotagmin, CAPS, and Mint proteins. CAPS is a peripheral membrane protein found on the plasma membrane as well as on secretory vesicles (Berwin et al., 1998) . CAPS and PI(4,5)P 2 are required at the Ca 2ϩ -dependent triggering step that follows docking and priming (Walent et al., 1992; Ann et al., 1997) . CAPS preferentially binds to PI(4,5)P 2 and could be a means to sequester PI(4,5)P 2 in defined regions of the membrane (Loyet et al., 1998) . Synaptotagmin undergoes a Ca 2ϩ -dependent switch in its ability to bind PI(4,5)P 2 (Schiavo et al., 1996) . It was suggested that this switching may be part of a docking mechanism that operates at Ca 2ϩ concentrations below those necessary to complete fusion (Schiavo et al., 1996) . A role in docking was also proposed for the Munc-18 -interacting (Mint) proteins. This activity could result from Mint proteins binding to PI(4,5)P 2 on the vesicle membrane and to Munc18 on the plasma membrane (Okamoto and Sü dhof, 1997) . Taken together, these data suggest that PI(4,5)P 2 , via different binding factors, may act in exocytosis in the prim- Figure 7 . Sec17p release depends on PI(4,5)P 2 . Vacuoles equivalent to four fusion reactions were preincubated with the indicated amounts of (A) neomycin or (B) antibodies to PI(4,5)P 2 as in Figure  1 (without cytosol). A control sample received no phosphoinositide ligands, but EDTA was added to prevent ATP hydrolysis and thereby block Sec17p release. The samples were supplemented to yield standard fusion conditions (minus cytosol) and incubated at 27°C for 15 min. Aliquots equivalent to three standard reactions (18 g of vacuoles) were withdrawn, and the vacuoles were reisolated by centrifugation and assayed for bound Sec17p by SDS-PAGE and Western blotting. The remaining aliquots were incubated for further 55 min and used to assay fusion. Complete inhibition of fusion occurred at the same concentrations as in Figure 1 ( i.e., with 60 M antibody and 300 M neomycin).
A. Mayer et al. ing and in the final triggering stage. This would match the situation we found for vacuole fusion, during which PI(4,5)P 2 is required for ATP-dependent priming and in a later phase, which can only occur after vacuole contact. Further studies are needed to identify potential binding partners for PI(4,5)P 2 and explore its metabolism on the vacuoles in detail. Figure 8 . Phosphoinositides are required for docking. Vacuoles were prepared from the strain RSY249 and used in 30-l fusion reactions for microscopic analysis as described in MATE-RIALS AND METHODS. After adding PI-PLC (10 U/ml) or buffer only, the samples were preincubated for 5 min on ice. They were then transferred to 27°C for 20 min or left on ice. The samples were chilled and mixed with low melting agarose containing 20 M FM4 -64 stain. The suspension was transferred onto a prechilled microscopy slide, left at 4°C for 5 min, and analyzed by fluorescence microscopy.
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